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ABSTRACT 

Traction drives are amonq the simplest of 
all speed chanqinq mechanisms. Althouqh they 
have been in industrial use for more than 
SO years, their operatinq characteristics and 
performance capabilities are not widely known. 
This paper briefly traces their technical evo- 
lution from early uses as main transmissions 
in automobiles at the turn of the century to 
modern, hiqh-powered traction drives capable of 
transmitting hundreds of horsepower. Recent 
advances in technoloqy are described which 
enable today's traction drive to be a serious 
candidate for off-hlqhway vehicles and heli- 
copter applications. Improvements in mate- 
rials, traction fluids, design techniques, 
power loss and life prediction methods will be 
highlighted, Performance characteristics of 
the Nasvytis fixed-ratio drive are given. 
Promising future drive applications, such as 
helicopter main transmissions and servo-control 
positioning mechanisms are also addressed. 


FRICTION WHEELS OE UNEQUAL DIAMETER were one of 
the earliest speed changing mechanisms. It Is 
speculated that their use even predates that of 
gearing "toothed" wheels, whose beqlnnlnqs date 
back to the time of Archimedes, circa 250 B.C. 
(1). Even today, friction drives may be found 
in equipment where a simple and economical 
sol**<nn tc speed regulation Is required, 
Phonogrcoh drives, self-propelled lawnmovers, 
or even the amusement park ride driven by a 
rubber tire are a few of the more common 
examples. In these examples, simple dry con- 


*Humbers In parentheses designate refer- 

ence? at end of paper. 


tact is Involved and the transmitted power 
levels are low. However, this same principle 
can be harnessed In the construction of an oil- 
lubricated, all steel component transmission 
which can carryhundreds r f horsepower using 
today's technology. In fact, oil-lubricated 
traction drives have been In Industrial service 
as speed regulators for more than 50 years. 
Despite this, the concept of transmitting power 
via traction Is not widely known or understood. 

Althouqh traction drives have been avail- 
able for some time (2-6) It is perhaps since 
the mid 1960‘s or so that they have been con- 
sidered serious competitors to conventional 
mechanical power transmissions. The earlier 
drives, particularly those targeted for automo- 
tive applications, had their share of dura- 
bility problems above nominal power levels. 

As a consequence, relatively few succeeded In 
the market place. The underlying reason for 
wMs was that certain critical pieces of tech- 
noloqy were generally lacking. Designs were 
based on mostly trial and error. No uniform 
failure theories were available to establish 
service life or reliability ratings. The drive 
materials of the day were crude by today's 
standards. In short, traction drives were In 
their technical Infancy. 

Prompted by the research for more effi- 
cient automotive transmissions and bolstered by 
advancements made In rolling-element bearing 
technology. interest In traction drives has 
been renewed. Today's analytical tools, mate- 
rials, and traction fluids are far superior to 
tho* » available prior to the 1970s. This has 
led to the re-emergence of traction drives ^nd 
the technology related to their design. 

It Is the Intent of this review to dlicuss 
tht basic principles of these traction drives 
and to trace the evolution of their tec^ology, 
In a limited sense, from their early develop- 
ment to the efforts underway today. 


Loewenthal, Anderson, and Rohn 


1 



. - -V n ' t - 

vr r*" *■' «*L •»-» i '/ 


EARLY APPLICATIONS 

One of the earliest known examples of a 
friction* drive is that patented by C. W. Hunt 
in 1877 appearing in Fiq. 1 (6). The Hunt 
drive had a single, spoked transfer wheel that 
was probably covered with leather running 
against a pair of toroidal ly shaped metal disks. 
Judging by the pulley flanges attached to the 
toroidal disks, the drive was intended to regu- 
late the speed of belt-driven machinery such as 
that commonly found in factories at the turn of 
the century. 

A similar drive was devised by W. D. 

Hoffman as shown In an 1899 British patent 
application (7) (Fig. ?). The toroidal drive 
arrangement apparently found great favor with 
traction drive designers throuqh the years. 

Work continues on this configuration even today, 
more than 80 years later. 

Friction drives also found use on several 
types of wood-working machinery dating back 
before the 1870 's. For example, Appleton's 
Cyclopedia of Applied Mechanics (8), published 
in 1880, reports of frictional gearing being 
used to regulate the feed rate of wood on 
machines In which one wheel was made of Iron 
and the other, typically the driver, of wood 
or Iron covered with wood. For driving light 
machinery, wooden wheels of basswood, cotton- 
wood, or even white pine reportedly gave good 
results. For heavy work, where from 30 to 
45 kW was transmitted by simple contact, soft 
maple was preferred. 

AUTOMOTIVE SERVICE - It was not until the 
introduction of the horseless carriage at the 
end of the 19th century that the goal of devel- 
oping a continuously variable transmission 
( CVT) for a car sparked considerable friction 
drive activity. Mechanical ratchet, hydraulic, 
and electro-mechanical drives were all tried, 
but drives relying on friction, because of 
their simplicity, were the first automobile 
transmissions to provide Infinite ratio selec- 
tion. The earliest of these was the rubber 
V-belt drives that appeared on the 1886 Benz 
and Daimler cars, the first mass-produced 
gasollne-engine-powered vehicles. Friction 
disk drives were used as regular eoulpment on a 
nwrfcer of early motor cars, such as the Lambert 
as Illustrated In a 1907 advertisement (9) 

(Fiq. 3). Others Included the 1906 Cartercar, 
1909 Sears Motor Buggy, and 1914 Metz Speedster. 


♦The term "friction drive" Is normally used 
to refer to a drive that is nonlubrlcated while 
"traction drive" refers to one with oil-wetted 
components. The friction terminology may have 
evolved from the fact that these drives Inten- 
tionally use at least one roller that was 
covered with a high friction material such as 
leather, rubber, fiber or even wood. This not 
withstanding, the term "friction" Is somewhat 
of a misnomer since It Is still the traction 
force responsible for positive motion of the 
driven element. 


The Cartercar had an extre.r.r’y simple 
friction drive consisting of a metal disk, 
driven by the enqine crankshaft, in friction 
contact with a large, fiber-covered spoked wheel 
mounted on a transverse countershaft. To vary 
speed ratio, a driver operated lever was used 
to radially position the output follower wheel 
across the face of the metal disk - turntable 
fashion. The smoothness and ease of operation 
of the Cartercar transmission made it quite 
popular. It is not well-known that Mr. W. C. 
Durant, founder and first president of General 
Motors Company, acaulred the Cartercar Company 
in 1908 because of his expectation that fric- 
tion drives would soon be universally used in 
automobiles (10,11). In 1910, the Cartercar 
Company even produced a Model "T" truck, 
equipped with their friction drive. Despite 
Its catchy sloqan, “No clutch to slip - no 
gears to strip ... a thousand silent speeds and 
only one control lever, that's a Cartercar", 
me Cartercar Company's commercial success was 
shortlived. 

From 1909 until 1912, Sears marketed a 
two-cyl Inder, 14-horsepower "Motor Buggy", also 
eaulpped with a friction drive (12). "Absolute 
simplicity. Its positiveness under the most 
severe conditions and Its unequalled flexi- 
bility", boasted one of the Sear's ads. 

However, by about 1915, cars eaulpped with 
friction drives had virtually disappeared (12), 
presumably due. In part, to the need to fre- 
quently renew the friction material 

Despite the limited success o* these 
earlier attempts, the goal of de* ,i1ng and 
automotive transmission that smc,o.h1y and auto- 
matically shifted was not lost. In the late 
1920s the Bulck Division of General Motors was 
given the task of developing a continuously 
variable, oil-lubricated, steel-on-steel trac- 
tion drive. This transmission was similar In 
design to the Hayes double toroidal traction 
drive, patented In 1929. The Hayes Self- 
Selector Transmission (13), although orglnally 
developed In the United States, was later 
offered as an option on the 1935 British Austin 
Sixteen (14). 

The General Motors toroidal drive, later 
called the torlc transmission, 1$ Illustrated 
In Fig. 4. The Qeometry of the drive Is re- 
markably similar to the 1877 Hunt drive, with 
the addition of a second toroidal cavity and a 
ball differential to balance loading between 
the two cavities. An extensive test program 
was conducted on this drive. Seventeen road- 
test vehicles equipped with the torlc drive 
accumulated over 300,000 miles of road testing 
(11). A 20-percent Improvement in highway fuel 
mileage was reported. In 1932, General Motors 
decided to produce this type of transmission 
(10). However, no cars equipped with the torlc 
drive were ever sold to the public. The rea- 
sons for halting production were never really 
made clear. Some say that there were un- 
resolved dlscrepencles In service life data 
obtained during road tests and that obtained 
from laboratory bench testers. Others believe 
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that the availability of premium quality bear- 
1 mj steel, needed in large amounts to make each 
drive, was simply not great enough At the t Imr 
to meet r\pc»*rd production retiiJrement* . WhAt 
over the re a vom, Alfred P, Mo .in, ,lr,, thru 
president of Conor*! Motors, turned the trAns. 
mUOon down for production In the belief that 
It would dimply hr too expensive to make ( t0> . 

General Motor's Now Pop*rturo Rearing 
01 vision produced *n Induct r 1*1 count orp*rt to 
the torlc drive. Rv 1Q.H when production was 
halted. ovor 1600 units of the "Trans i torque" 
t r*ct ton i'VT bad horn marketed (1.11, Tho drive's 
design Is credited to Richard 1, frban, *n o*rly 
t r Art Ion drive ploooor, who briefly worked for 
Oner a 1 Mist or s during this period (*), 

|n r ngl and, After sever a! ve*rs of ana- 
lyzing the Naves Self Selector drive, Perhurv 
I nqineering, ltd., retrofitted * modified, 
sorApped M*ves transmission Into Hillman Mins 
sed*n In 1QSR <141. tue! sAvtnqs were reported 
to he ,'0 to ?*' percent hut the concept re*1!v 
never CAuqht on with Any of the several dorm 
compAntes or so th*t h*d expressed Inltl*! 
Interest In the drive (14!. 

*n the United Mates In IOMI, Charles 
kraus Inst Ailed a minified version of a toroid*! 
(*VT Into An American Motors Nash Rambler {.M. 

This unit h*d * seel -toroid*! roller geometry 
slmllAr to thAt pAtented in 10.V by Jacob Ar ter 
for Industrial service. The Art or drive Is 
still commercially produced in Switzerland. In 
l$7,t, Tractor, Inc. demonstrated a lord Pinto 
equipped with an Improved version of the Kraus 
drive lubricated with Monsanto's then new trac- 
tion fluid. Although operational characteris- 
tics were established, expected fuel economy 
Improvements were largely neqated hv the hy- 
draulic losses In the thrust hearings used to 
clamp the toroids together (!M» More recent 
torodlal drive deslQnx partially overcame this 
problem by mount Inq two toroidal drive cavities 
hack-to-bact along a common shaft, thereby 
eliminating these troublesome thrust bearings, 
INIHlSfH fAl sntvtcr - Start inq with the 
1677 Hunt drive, adjust able- speed traction 
drives have been In Industrial service for more 
than 100 years. The bulk of these drives has 
been performing a speed matching function for 
llqht-duty equipment, such as drill presses. 

A sample of representat Ive traction drive 
configurations appears In Mg. A, According 
to Carson's 1«7$ article (16^, more than 100 
United States patents on adjustable-speed trac- 
tion drives are on file. Out of these, perhaps 
a dozen or so basic geometries are \n produc- 
tion, Of those commercially available, few are 
rated at greater than 10 kU* power capacity. An 
early review of the basic types of adjustable- 
speed traction drives can be found In (17), 
Reference 10 gives descriptive Information on 
?4 types of variable speed traction drives that 
were commercially available In 1963, 

Applications for modem traction drives are 
quite diverse ranging from machine tools, textile 
machinery to conveyor and pump drives. Specific 
applications can be found In (0-4, 16, 17), 


RAMC HMNCmrs Of 0PFRA1 ION 

MATURE - Traction drives can be con- 
structed to give a single, fixed-speed ratio, 
like a gearbox or, unlike a gearbox, a speed 
ratio that can he continuously varied by using 
some means to shift or tilt rollers so they 
engage at different rolling radii. This latter 
arrangement Is of extreme Interest to drive 
train configurators since it provides them with 
an essentially "infinite" number of shift 
points to optimize the performance of their 
drive system. 

Because power transfer occurs between 
smooth rolling-bodies, generally across a thin, 
tenacious lubricant film, traction drives 
possess certain performance characteristics not 
found In other power transmissions. Traction 
drives can be designed to smoothly and contin- 
uously vary the speed ratio with efficiencies 
approaching those of the best gear drives. 
Unlike transmissions with qear teeth, which, 
even when perfectly machined, generate tor- 
sional oscillatons as the load transfers 
between teeth, power transfer throuqh traction 
is inherently smooth and Quiet without any 
“backlash". A lubricant film trapped between 
the rollers, tends to protect against wear and 
to dampen torsional vibrations. The operating 
speed of some traction drives is limited only 
by the burst strength of the roller material 
and the available traction in the contact. 

In many cases, traction drives can be designed 
to he as small as or smaller than their 
nontract ion-drive counterparts. When manu- 
factured in sufficient Quantity, costs can also 
be Quite competitive because of the similari- 
ties in manufacturing traction drive components 
and ordinary mass-produced ball and roller 
bearings, 

TRACTION POWtR TRANSFER - A basic under- 
standing of how power is transferred between 
tract ion-drive rollers is helpful In reviewing 
the contributions made In this area, figure 6 
shows a simple, lubricated, roller pair In 
traction contact, A sufficiently large normal 
load N is Imposed on the rollers to transmit 
the tangential traction force T, The amount 
of normal load required to transmit a given 
traction force without destructive gross slip 
Is dictated by the available traction coeffi- 
cient, y, which is the ratio of T to N, 

Since contact fatigue life Is Inverse v related 
to the third power of normal load, It U ex- 
tremely desirable to make use of lubricants 
that produce high values of u. The search for 
lubricants having high traction capabilities 
will be discussed later. 

The rollers, as Illustrated In the en- 
larged view of the contact appearing In Fig, 6, 
are not In direct contact but are, In fact, 
separated by a highly compressed, extremely 
thin lubricant film, lecaust of the pretence 
of high pressures In the contact, the lubrica- 
tion process is accompanied by some elastic 
deformation of the contact surface, Accord- 
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Inqly, this pro Is rrfrrrpd to as rlasto- 
hydrodynamlc (FMO) lubrication. 

This ph^nommon, A Ho occurs for oth*r 
ol 1-luhrlcatnd, rolt Inq-Hrmnnt machlnn * *- 
mrnts such as brarlnq* and qrars, Th* Import - 
ancr of thr FHD film In traction contacts 11ns 
In Hs ability to rnducn and/or eliminate wear 
while act inq as the principal toraue trans- 
ferring medium. 

TRACTION CORVf - The tribological proper- 
ties of the lubricant In the contact, particu- 
larly Its traction characteristics, are 
fundamental to the deslqn of traction drives. 
Flqure 7 shows a typical tract lon-versus-sl Ip 
curve foe a traction fluid. This type of curve 
Is typically generated with a twin-disk trac- 
tion tester. Imposing a traction force across 
a lubricated disk contact which is rotatlnq at 
an average surface velocity V qlves rise to a 
differential velocity all, sometimes referred 
*o as "creep**. Three distinct regions can 
■ morally be Identified on a traction curve, 
fn the linear reqlon the traction coefficient 
Increases linearly with slip. In the non- 
Newtonian reqlons It Increases In a nonlinear 
fashion, reaches a maximum, and then begins to 
decrease. Finally, the curve shows a gradual 
decay with slip In the thermal region due to 
Internal heating within the oil film. It Is 
the linear region of the traction curve that Is 
of the greatest Interest to traction-drive de- 
signers. The design traction coefficient, 
which dictates how much normal load Is needed 
to transmit a given traction force, Is always 
chosen to be less than (by, generally, ?0 to 
30 percent) the peak available traction coeffi- 
cient to provide a safety marqln against slip. 
Traction drives are generally eoulpped with a 
toroue-sensitive loading mechanism that adjusts 
the normal contact load In proportion to the 
transmitted torque. Such mechanisms Insure 
that the contact will always have sufficient 
load to prevent slip without needlessly over- 
loading the contact under light loads. 

ADVANCEMENTS IN TECHNOLOGY 

Traction drive technology made relatively 
little progress for the first half of this cen- 
tury except for the occasional Introduction of 
a new geometric variation. Designs were large- 
ly predicated on laboratory or field experience 
and very little of this Information was re- 
ported in the open technical literature. 

Because of the great similarity In the 
contact operating condition, traction-drive 
technology benefited greatly from the wave of 
technical advancements made for rolling-element 
bearings. Major advancements In bearing design 
occurred In the late 1940s with 6rub1n*s work 
In elastohydrodynamlc lubrication (19) and 
tundberg-2almgren*s analysis of rolllng-eltment 
fatigue life (20). In fact, the lubrication 
principles, operating conditions, and failure 
mechanisms of traction-drive contacts and bear- 
ing contacts are so similar that the design 


fundamentals are virtually Interchangeable. 

The same may be said for gear contact design 
criteria as well. 

In view of the durability shortcomings of 
earlier traction drives, much of the recent 
research has centered on improving the power 
capacity and reliability of these devices with- 
out sacrificing their Inherent simplicity or 
hlqh mechanical efficiency. Although work has 
been performed on many fronts, research efforts 
to date can be loosely categorized under one of 
several areas: (1) modeling tbe tractive be- 

havior of the lubricant within the contact and 
Its attendant power losses; (?) predicting the 
useful torgue that can be passed between 
rollers without surface distress or that amount 
corresponding to a given fatigue life; (3) 
determining and Improving the durability char- 
acteristics of traction-drive materials, pri- 
marily bearing-grade steels; (4) developing 
lubricants that produce higher traction forces 
In the contact without sacrificing conventional 
lubricant aualltles; and (5) developing drive 
arrangements that maximize durability, toraue 
capacity, and ratio capability and minimize 
size, weight, power loss and complexity. 

CAPACITY - The earliest traction drives 
generally used leather, wood, rubber, or fiber 
covered friction wheels runnlnq against metal 
disks. As these soft friction materials aged, 
they lost flexibility and wore rapidly. Tne 
driving surfaces generally had to be renewed or 
replaced at frequent Intervals, depending on 
the rate of usage. Despite this, friction 
drives found use In early steam tractors, fac- 
tory machlnlnery, wood-working tools, and In 
several vintage cars. These simple, smooth, 
low-cost speed changers are still In use today 
for light-duty applications ranging from hand 
tools, washing machines, and record players to 
amusement park rides and cement mixers. In 
these modern drives more durable rubber and 
reinforced plastic materials have been sub- 
stituted for the leather and fiber wheels of 
yesteryear. However, the thermal capacity ant) 
wear characteristics of these softer materials 
still basically set the useful power capacity 
of this class of transmission. For applica- 
tions n _j1ng a low-cost speed changer, 
adjustable-speed friction drives are good 
choices. 

011-lubrlcated traction drives having 
hardened steel roller contacts appeared In the 
early 1920s, Carson (6) credits fcrban in 
Austria with the development of the first 
metal-to-metal, oil-lubricated drive In 1922. 
The 1923 Arter drive Is another exemple. The 
presence of hardened steel rollers In these 
drives significantly Increased the allowable 
operating contact stresses. The purpose of the 
oil was to protect the contact surfaces from 
wear while providing cooling. However, the 
relatively low coefficient of traction of the 
oil meant that these drives had to canrv un- 
usually high-contact loads to Inhibit slip. 

Hloh loading ggngrally leads to early pitting, 
unless the toroue rating of thg drive was 
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appropriately restricted. Even thouqh the 
early traction drives tended to be bulky, their 
relatively high efficiency and smoothness of 
operation still made them attractive for many 
appl icat ions. 

FATIGUE LIFE - In the past traction drives 
were basically sized for some allowable Hertz 
(contact) stress in the contact zone based on 
experience. No concerted effort had been made 
to size traction drives tor a certain fatique 
life such as the way ball and roller bearinqs 
are sized. Henc«, while most of the drives 
shown in Flq. 5 may function well under some 
conditions, reliability characteristics are 
generally not well defined. Their expected 
service lives have not been determined in a 
manner to allow for comparisons between differ- 
ent types of drives or to predict the effect 
that widely varying operatinq conditions miqht 
have on fatigue 1 i fe. 

The first modern approach to determining 
the durability characterist ics of traction 
drives was that published by Coy, Loewenthal 
and Zaretsky in 1976 (2i). Their analysis made 
use of the fact that the materials, operating 
stresses, lubrication conditions and failure 
mechanisms, namely rolling-element fatique, of 
properly designed traction drive contacts are 
virtually Identical to those of hall or roller 
bearings. Thus the methods used to determine 
service life ratings of rolling bearings, 
namely Lundberq-Palmgren Theory, should be 
applicable to sizing traction drives. Lundberg 
and Palmqren (20) theorized that the proba- 
bility of encountering a subsurface defect In 
the material leading to fatique pitting was 
statistically related to the contact stress, 
the depth of the critical stress below the sur- 
face and the volume of material being stressed. 

In (22), a simplified version of this 
fatigue-life theory was developed for traction 
drive contacts and in (23) this method was used 
to show the effects of torque, size, speed, 
contact shape, traction coefficient and number 
of multiple, parallel contacts on predicted 
drive life. These Investigations show that 
multiple, load-sharing contacts significantly 
benefit torque capacity and drive life. Also, 
torque capacity and drive life are proportioned 
to size to the 2.8 and 8.4 power, respectively 
as shown In Fig. 8. Figure 9 from (23) clearly 
illustrates the Importance that the oil's co- 
efficient of traction has on performance. 

TRACTION FLUIDS - Because of the Import- 
ance that the coefficient of traction has on 
the life, size, and performance of a traction 
drive, considerable attention has been given to 
identifying fljlds with high traction proper- 
ties, starting In the late 50s with Lane's 
experiments (24). Hewko (25) obtained traction 
performance data which Indicated that the 
lubricant composition and surface topography 
had the greatest overall effects on traction 
and that naph then 1c -based mineral oils gave 
better performance than paraffinic oils. 

Some of these early Investigations lead to 
the development of commercial traction fluids. 


The research of (26) describes the development 
of a formulated traction fluid, designated as 
Sunoco Traction Drive Fluid-86. This fluid 
evolved Into Sun Oil's TDF-88, a commercial 
traction fluid currently available on a limited 
basis. 

Hamman, et al (27) In examining some 26 
test fluids identified several synthetic fluids 
that had up to 50 percent higher coefficient of 
traction, depending on test conditions, than 
those reported for the best naphthenic base 
oils. This research laid the ground work for 
the development of Monsanto's family of commer- 
cial traction fluids, Santotrac 30, 40, 50 and 
70. These fluids are the most widely used 
traction oils today. The results of accelerated 
rolling contact fatique tests (28) indicated 
that these synthetic traction fluids have good 
fatique life performance, statistically com- 
parable with the automatic transmission fluid 
used In this experiment. 

A recent addition to the commercial trac- 
tion fluid market is that produced by the 
Mitsubishi Oil Co., Ltd. Their Diamond Traction 
Fluid is offered in three viscosity grades and 
is said to offer high traction coefficients, 
good wear and anti -oxidation properties. 

It should be kept In mind that the use of 
traction fluids is not mandatory, although 
preferable. This Is best Illustrated by the 
experiments of Gaqgermeier (29) In which trac- 
tion coefficients for 17 different lubricants 
were measured on a twin-disk traction tester at 
both high and low contact pressures and surface 
speeds. The traction fluids in his tests showed 
substantially higher coefficients of traction 
than all of the commercial naphthenic mineral 
oils tested. The greatest differences occur at 
relatively low pressures and high surface speeds 
(Fig. 10). At relatively high pressures and 
low speeds the traction fluids show less of an 
advantage. Under such conditions a good qua- 
lity naphthenic mineral oil would serve almost 
as well. However, for most traction drive 
applications there Is considerable Incentive to 
using a traction fluid, with expected traction 
Improvements falling somewhere between the two 
examples of Fig, 10. 

MATERIALS - Earlier traction drives were 
not exploited to their full potential because 
of uncertainties regarding their longterm reli- 
ability. The limited durability characterises 
of the materials used In these drives was a 
major contributing factor. The substitution of 
oil-lubricated, hardened steel roller compo- 
nents In place of rubber or reinforced plastic 
running dry against cast-iron parts raises 
their load capacity by at least an order of 
magnitude. 

Because of the similarity In operating 
conditions, hardened bearing steels are logical 
choices for traction-drive rollers. Today's 
bearing steels are of significantly higher 
Quality than the traditional air-melted, A1SI 
52100 steels used In rolling-element bearings 
since the 1920s. The Introduction of vacuum 
remelting processes In the late 1950s has re- 
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suited In more homogeneous steels with fewer 
impurities and have extended rolling-element 
bearing life several-fold. Life improvements 
of eight times or more are not uncommon accord- 
ing to (30). This reference recommends that a 
life-improvement factor of six be applied to 
lundberg-Palmgren bearing life calculations 
when using modern vacuum-melted AISI 52100 
steel. A similar life-improvement factor Is 
applicable to traction-drive life calculations. 
This improvement in steel duality In combina- 
tion with Improvements In lubricant traction 
performance have increased the toraue capacity 
of traction drives several-fold. 

PERFORMANCE PREDICTIONS - The distribution 
of local traction forces In the contact of an 
actual traction drive can be rather complicated 
as Illustrated In Fig. 11. This figure shows 
the distribution of local traction vectors in 
the contact when longitudinal traction, mls- 
allnement, and spin are present. These traction 
forces will aline themselves with the local slip 
velocities. In traction-drive contacts some 
combination of tractions, misallnement, and 
spin are always present. To determine the per- 
formance of a traction-drive contact, the ele- 
mental traction forces must be Integrated over 
the area of contact. 

The power throughout the contact Is deter- 
mined from a summation of the traction force 
components alined in the rolling direction 
times their respective rolling velocities. It 
is clear that In misallnement only a portion of 
the traction force Is generating useful trac- 
tion and that the remainder Is generating 
useless side force. For pure spin no useful 
traction Is developed, since the elemental 
traction forces cancel one another. Since the 
contact power loss Is proportional to the pro- 
duct of the elemental traction forces and slip 
velocities, the presence of spin and misallne- 
ment can significantly decrease the efficiency 
of the contact. Furthermore, both conditions 
lower the available traction coefficient and 
reduce the amount of torque that can be trans- 
mitted safely. Oeslgns that minimize spin and 
side slip can be quite efficient. Contact effi- 
ciency of 99 percent or higher are possible. 

THEORY - In the 1960s and early 70s, 
numerous papers were presented on the prediction 
of traction In EHD contacts. Poon (31) and 
Llngard (32) developed methods that Integrated 
the contact forces to predict the available 
traction forces of a contact experiencing 
spin. Poor's method utilized the basic trac- 
tion data from a twin-disk machine together 
with contact kinematics to predict the avail- 
able traction. Llngard used a theoretical 
approach In which the EHD film exhibited a 
Newtonian viscous behavior at low shear rates 
until a critical limiting shear stress was 
reached. At this point the film yielded plas- 
tically with Increasing shear rate. This model 
showed good correlation with experimental trac- 
tion data from a toroidal, variable-ratio drive 
of the Perbury type. This same model was also 
successfully used by 6aggerme1er (29) In an 


unusually comprehensive investigation of the 
losses and characteristics of traction drive 
contacts. In addition to copious amounts of 
twin-disk traction data for numerous lubricants 
under various combinations of slip, sideslip, 
and spin, Gaggermeler (29) also investigated 
the sources of power losses of an Arter type 
toroidal drive. His findings were that of the 
total power losses, the load-dependent bearing 
and drive Idling (no-load) losses were always 
greater than the losses due to traction power 
transfer. This result underscores the need to 
pay close attention to these tare losses In 
order to end up with a highly efficient trac- 
tion drive. 

A recent and comprehensive traction con- 
tact model Is that proposed by Johnson and 
Tevaarwerk (33). Their model covers the full 
range of viscous, elastic, and plastic behavior 
of the EHD film. At higher pressures and 
speeds, typ* '1 of traction-drive contacts, the 
response of the lubricant film Is linear and 
elastic at low rates of strain. At sufficiently 
high strain rates, the shear stress reaches 
some limiting value and the film shears plasti- 
cally as In the case of some of the earlier 
analytical traction models. 

In (39) Tevaarwerk presents graphical 
solutions developed from the Johnson and 
Tevaarwerk elastic-plastic traction model. 

These solutions are of practical value In the 
design and optimization of traction-drive con- 
tacts. By knowing the initial slope (shear 
modulus) and the maximum traction coefficient 
(limiting shear stress) from a zero-spln/zero- 
sldesllp traction curve, the traction, creep, 
spin torque, and contact power loss can be 
found over a wide range of spin values and con- 
tact geometries. 

Figure 12 shows that this analysis com- 
pares favorably with test data, taken from 
experiments of Gaggermeler (29). The observed, 
pronounced reduction In the available traction 
coefficient with just a few degrees of mis- 
allnement, underscores the need to maintain 
accurate allnement of roller components In 
traction drives. 

FLUID TRACTION DATA - To be able to apply 
the aforementioned traction drive, certain 
fundamental fluid properties, namely, the 
lubricant's shear modulus and limiting yield 
shear stress, must first be known under the 
required operating soeeds, pressures, and 
temperatures. Because of the difficulty of 
simulating the highly transient nature of an 
actual traction contact, the most reliable 
basic fluid property data have been tradi- 
tionally deduced from the Initial slope and 
maximum traction coefficient of an experimental 
traction curve. To obtain experimental trac- 
tion data for design purposes, a NASA program 
was conducted for both the Monsanto and Sun Oil 
traction fluids over a range of speeds, pres- 
sures, temperatures, spin, and sideslip values 
that mloht be encountered In traction drives 
(35). A regression analysis applied to the 
data resulted In a correlation equation that 
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can be used to predict the initial slope and 
maximum traction coefficient at any interme- 
diate operating condition (36). 

RECENT DEVELOPMENTS 

During the past 5 years, several traction 
drives, which incorporate much of the latest 
technology, have reached the prototype staqo. 
Laboratory tests and desiqn analysis of thesp 
drives shows them to have relatively hiqh-power 
densities and, in some cases, to be ready for 
commercial Ization. 

NASVYTRAC DRIVE - Althouqh liqht-duty 
variable-ratio traction drives have been rea- 
sonably successful from a commercial stand- 
point, very few, if any, fixed-ratio types have 
progressed past the prototype staqe. This is 
somewha* surprisinq in view of the outstanding 
ability of traction drives to provide smooth, 
Quiet power transfer at extremely hiqh or low 
speeds with good efficiency. They seem par- 
ticularly well suited for hiqh-speed machine 
tools, pump drives, and other turbomachinery. 

In other Industrial applications they offer 
potential cost advantages because traction 
rollers should not be much more expensive to 
manufacture in Quantity than ordinary rollers 
In rol ler bearings. 

In terms of earl’^r work on fixed-ratio 
traction drives, the Developmental effort at 
General Motors Research Laboratories on their 
planetary traction drive (as described by Hewko 
(37)) was perhaps the most complete. Several 
of these drives were built and tested, includ- 
ing a 6-to-l ratio, 373-kW unit for a torpedo 
and a 3.5-to-l ratio, 75-kW test drive. This 
last drive exhibited better efficiency and 
lower noise than a comparable planetary qear 
set (37). 

Interest in fixed-ratio traction drives is 
also high outside of the United States. Tests 
were recently conducted in Japan on a planetary 
traction drive of a construction similar to the 
General Motors unit for use with a gas-turbine 
auxi lliary propulsion unit (API') system (38). 
Planetary traction drives have also been 
studied In Finland. 

The traction drives described thus far 
have a simple, single row planet-roller format. 
For drives like these the number of load 
sharing planets is Inversely related to the 
speed ratio. For example, a four-planet drive 
would have a maximum spe^d ratio of 6.8 before 
the planets Interfered. A five-planet drive 
would be limited to a ratio of 4.8 and so on. 

A remedy to the speed ratio and planet 
number limitations of simple, single-row 
planetary systems was devised by Nasvytls (39). 
His drive system used the sun and ring-roller 
of the simple planetary traction drive, but re- 
placed the single row of eaual diameter planet- 
rollers with two or more rows of "stepped" or 
dual-diameter planets. With this new "multi- 
roller" arrangement, practical speed ratios of 
250 to 1 could be obtained In a single stage 
with three planet rows. Furthermore, the number 


of planets carryinq the load in parallel could 
be qreatly increased for a given ratio. This 
resulted in a significant reduction in individ- 
ual roller contact loading with a corresponding 
improvement in toraue capacity and fatigue life. 

In (39) Nasvyt is reports the test results 
for several versions of his multiroller drive. 
The first drive tested was a 373— kW (500-hp) 
torpedo drive of three-planet row construction 
with a reduction ratio of 48.2 and an input 
speed of 51 000 rpm. The outside diameter of 
the drive itself was 43 cm (17 in) and it 
weiqhed just 93C N (210 lb) including Its 
liqhtweiqht magnesium housing. It demonstrated 
a mechanical efficiency above 95 percent. To 
investigate ul trahiqh-speed operation, Nasvytls 
tested a 3.7-kW (5-hp), three-iow, 120-to-l 
ratio speed increaser. The drive was preloaded 
and operated without torque at 480 000 rpm for 
15 min and ran for 43 consecutive hours at 
360 000 rpm without lubrication but with air 
coolinq. Two back-to-back drives were operated 
for 180 hr at speeds varying from 1000 to 
120 000 rpm and back to 1000 rpm. They tran- 
smitted between 1,5 and 2.2 kW (2 and 3 hp). 
Another 3.7-kW (5-hp), three-row speed in- 
creaser, with a speed ratio of 50, was tested 
for more than 5 hr at the full rated speed of 
150 000 rpm with oil-mist lubrication and air 
cooling. It successfully transmitted 3.7 kW 
(5 hpj at 86 percent efficiency (39). 

The basic qeometry of the Nasvytls trac- 
tion (Nasyvtrac) drive is shown In Fig. 13. 

Two rows of stepped planet-rollers are con- 
tained between the concentric, high-speed sun 
roller and low-speed ring rollers. In the 
drive shown the planet rollers do not orbit but 
are qrounded to the case through relatively 
low-speed and liqhtly loaded reaction bearings 
that are contained in the outer planet row 
only. The high-speed sun-roller and other 
planet bearings have been eliminated. The sun- 
roller and first row rollers float freely in 
three-point contact with adjacent rollers for 
location. Because of this floating roller con- 
struction, an excellent force balance situation 
exists even with thermal or mechanical housing 
distortion or with slight mismatches In roller 
dimensions. 

Based on the Inherent Qualities of the 
Nasvytrac drive, a NASA program was Initiated 
(40) to parametrically test two versions of the 
drive. These drives of nominally 14-to-l ratio 
were tested at speeds to 73 000 rpm and power 
levels to 180 kW. Parametric tests were also 
conducted with the Nasvytls drive retrofitted 
to an automotive gas-turbine engine. The 
drives exhibited good performance, with a 
nominal peak efficiency of 94 to 96 percent and 
a maximum speed loss due to creep of approxi- 
mately 3.5 percent. The drive package size of 
approximately 25 cm In diameter by ll cm In 
width (excluding shafting) and total weight of 
about 26 kg (58 1b) makes the Nasvytrac drive, 
with a rated mean life of about 12 000 hr at 
75 kW and 75 000 rpm, size competitive with the 
best commercial gear drive systems (23). 
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TlIRROfW PRIVI A 7 0 000 rpm, 
rrduct Ion-rat 1o Nasvvtrar rirlvr wriqhlnq lust 
4 kq WAS dpslqnctl And hut It for a tonq-llfr, 
rockpt -rnqlnr pump dr Ivf systow to tlrlvr thf 
low-sprrd 1 iaunl-oxvqm And 1 iQuId-hyrlroqrn 
boost pumps (41). flthpr An auxiliary turMnp 
or a grai* drtvr off tbo main pump can br used, 
lisp of An auxiliary turbine complicates thp 
desiqn, whll* qPAr drives were not well suited 
for this application because they wore badly In 
A mAttPr of TO min or so In tMx host Up rryo- 
qpnlc environment. This fpU fAr short of thp 
10-hr life rpQuIrpmpnt envisioned for future, 
rpuspAble rocket enqlnes. The relatively low 
slldlnq character Kt 1c s of the Nasvyt rac drive, 
coupled with Its demonstrated ability to run 
for long periods of time unluhr Icatrd, make It 
an excellent candidate for this application. 
Preliminary tests on this drive In liquid 
oxygen, Includtnq tests In which the drive was 
repeatedly accelerated under full power (l* kWl 
to TO 000 rpm In S-sec Intervals, showed It to 
perform sat Isf actor 1 1 y (41). Cumulative 
operating times up to an hour have been re- 
corded. Future work Is needed to real Ire the 
10-hr life goal, but thr potential of this 
transmission for this application has been 
clearly demonstrated. 

HYBRID TRANSMISSION - Current work with 
variations of the iasvvtls tract Ion-drive con- 
cept are underway at NASA. A recently fabri- 
cated, J70-kW ( WO-hp) helicopter main rotor 
transmission combines the best features of 
qears with traction rollers (4?). This experi- 
mental "hybrid" transmission, which offers 
potential cost, noise, and reliability bene- 
fits, is currently under test (Flq. 14). This 
transmission carries W* percent more power In a 
test packaqe that Is only ?? percent heavier 
than the production ON- So helicopter gear box 
It simulates. In a hiqh ratio version, to be 
tested shortly, the hybrid transmission reduces 
the engine's power turbine shaft speed of 
36 000 rpm down to the rotor speed of 347 rpm 
In a slnqle hybrid stage plus a bevel qear mesh. 
This permits the elimination of the nose gearbox 
on the engine. The net result is a predicted 
66 percent Increase In system power- to- weight 
ratio. A 300 percent or greater Increase In 
reliability is also expected based on traction 
roller fatigue life estimates. 

The benefits of this transmission are 
attributed to the hybrid's unloue geometrical 
conflgurat Ion. Gear pinions are affixed to the 
ends of rollers In the outer row. The pinions. 
In turn, mesh with a collector ring gear (or 
bull gear) which Is normally attached to the 
low speed output or rotor shaft In this case. 

The high torque capacity of the drive per unit 
weight due. In part, to the high number 
parallel load paths in the final mesh. Another 
contributing factor is the large reduction 
ratio* on the order of 10-to-l, achieved across 
the final mesh which enables the high speed 
traction roller section to carry relatively 
small torque loads. 


An additional benefit of Integrating gears 
with traction rollers Is the ability of the 
rollers to equal 1/e the load sharing between 
the gear pinions throuqh traction "creep", 
freep is the small difference In velocity, gen- 
erally less th-t 0.$ percent, between the sur- 
faces of the driver and driven rollers due to 
torque transfer. In the hybrid drive, If one 
of the pinions Is carrying more load than the 
others then the roller to wMch it is attached 
will experience a sllqhtly higher creep rate, 
allowing the load to eauallre. Thus, the trac- 
tion rollers perform an Important secondary 
function as a torque splitting mechanism. The 
simultaneous combination of hiqh ra* io, hiqh 
number of redundant load paths and a high 
deqree of load sharinq in the final gear me*' 
is an Important feature of the hybrid concept 
not shared by conventional eplcycllc qearlng. 

ADVANCED APPLICATIONS - Work Is now under- 
way on hybrid and pure-tract ion Nasvyt Is drives 
for several advanced applications: one such 

apolleatlon is for wind turbines where a low- 
cost but highly reliable speed Increase is 
needed to drive the hlqh-speed alternator. 

Also, tests are now being conducted on a 160 hp 
Infinitely variable ratio Nasvytls drive, but 
the performance data has not yet been final lied. 
Another promlslnq area of Investigation for 
traction drives is as servo-control , positioning 
mechanisms, such as those used In robotics and 
In various manufacturing operations. Potential 
benefits Include *ero backlash, low torque 
ripple, high torsional stiffness, ability to 
run dry (no lubrication system), high reduction 
ratio In single stage and compact sUe. Space 
application of traction mechanism is also under 
conslderat Ion. These are a few of the areas 
where basic technology Is being sought. 

PROMISING VARIABLE SPEED DRIVES - Taking 
advantage of the latest technology, several 
designers have attempted to develop traction 
CVT's for automotive use. The potential of 
Improving the city fuel mileage ?0 to 75 per- 
cent, or more, of cars normally equipped with 
threeor four-speed automatic transmissions (43) 
or of doubling the fuel mileage In the case of 
flywheel equipped cars (44) has been the major 
Incentive for the resurgence In automotive CVT 
research and development. These applications 
represent a significant challenge, since com- 
pactness, efficiency, cost, and reliability are 
all at a premium, 

Perbury CVT - One such automotive effort 
Is that being conducted by 8L Technology, ltd,, 
formerly British Ley land, on a Perbury, double* 
cavity toroidal drive. This concept Is rather 
old and well -explored, as mentioned earlier, 
having been Investigated by the General Motors 
Research laboratory In the early 30s and late 
SOs, demonstrated In a 1934 A us t In-Mayes, later 
In a 1957 Nlllman-MInx, and alio in a 1973 ford 
Pinto but with offset rollers. 

In 1977 Lucas Aerospace In England adapted 
the Perbury drive for maintaining constant fre- 
quency of the AC generators on thq Sldley 
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Hawker Harrier, a VSTOl jet flqhter. This 
single cavity, toroidal drive Is suitable tor 
drlvinq aircraft generators havlnq output 
ratings up to .TO k VA . More than ?0 years 
before this, Avco Lycomlnq, In the U. S., also 
offered a line of mechanical constant-speed 
drives based on the toroidal tract lon-drl ve 
principle. They were used on several aircraft 
In the 50s, Includinq the Douqlas A-4F flqhter, 
but have lonq since been discontinued. 

In the case of the Leyland-Perhury automo- 
tive CVT (Flq. 151, the double-toroidal drive 
cavities have sis tilt able transfer rollers be- 
tween input and output toroids. A hydraul leal Iv 
controlled llnkaqe system can tilt these rollers 
from one extreme position to another. By com- 
bining this toroidal drive with a two-ranqe, 
output planetary gear system, the overall 
transmission ratio ranqe Is qreatly expanded. 

The BL/Perbury transmission was Installed 
In a medium size test car havlnq a four- 
cylinder, 60-kW enqine. The test car showed 
fuel mlleaqe improvement of 15 to ?0 percent 
for an averaqe mix of European drlvinq (45). 
Also, acceleration times were comparable with a 
manual transmission car driven by a skilled 
driver havlnq a 10 percent hlqher power to 
weight ratio. However, the future production 
picture for this transmission Is not clear. 

Vadatec CVT - A promlslnq traction CVT 
that Is of a rather new vlntaqe Is the nutatlnq 
drive being developed by Vadetec Corp. (46). 

As shown In F1 q. 16, a double-conlcal-rol ler 
assembly, complete with an automatic loadlnq 
mechanism. Is mounted at an angle In a drive 
cylinder that Is driven by the Input shaft. As 
the Input shaft rotates, the double-cones per- 
form a nutating motion and at the same time are 
forced to rotate about their own axis as they 
make drive contact with a pair of moveable con- 
trol rlnqs. These rlnqs are qrounded to the 
housing but can be axially moved together or 
apart. A gear pinion attached to the end of 
the cone shaft meshes with the output ring gear. 
By varying the axial position of the control 
rings, the rolling radius of the cones can be 
synchronously changed. This, In turn, causes a 
change In rotational speed of the cone shaft 
pinion and hence varies the transmissions out- 
put speed, A couple f Vadatec CVT's have 
already been built and tested. One of these 
prototypes has shown successful operation as 
part or a tractor drive train. Although this 
transmission Is still In the development and 
acceptance stage. It Is a good example of the 
new breed of traction drive. 

Other Trytlon CVT's - In addition to the 
aforement ioned activities, their are a number 
of additional traction CVT developments that 
have been reported on recently. These Include 
the Fafnlr planetary, cone roller type CVT, 
directed toward the mobile equipment market up 
to about 37-*lf (50~hp) (47); the Aj Research 
dual cavity toroidal drive (48); and the Bales 
Mr. Co in cone-roller CVT (49). These last two 
transmissions were carried to a preliminary 
design stage under a NASA contract for OOC to 


develop CVT's for use In advanced electric 
vehicles (48). 

CONCLUDING REMARKS 

The evolution of tract Ion-drive technology 
has been traced over the past 100 years. Some 
of the more prominent events In the development 
of traction drives appears In Table I. This 
list is by no means Intended to be comprehensive 
but, rather, to give the reader some apprecia- 
tion of the scope of activities leading to 
traction drives of today. 

The earliest of traction drives, con- 
structed of wood, leather, or fiber-covered 
disks runnlnq In dry contact, found first use 
In factory equipment befo-e the turn of the 
century. The ability of traction drives to 
smoothly and efficiently vary speed made them 
natural choices as main transmissions for 
several early vlntaqe cars, such as those pro- 
duced by Cartercar, Sears, Lambert, and Metz. 
Apparently, durability problems with the soft- 
material-covered disks used In these drives 
foreshortened their commercial success. In 
the l«?0s traction drives equipped with oil- 
lubricated, hardened, steel rollers started to 
appear. These drives had much greater power 
capacity, and by the 1930s several industi lal 
adjustable speed traction drives were being 
marketed both here and In Europe. About this 
time, there were several projects to develop 
toroidal traction car transmissions, notably 
the Hayes and later, the Perbury efforts In 
England and the General Motors* work In the 
United States. In the 1940s modern lubrication 
and fatigue theories for rolling-contact ele- 
ments were developed, and these were later 
adapted to the design of traction drives. In 
the 1950s work began on Identifying fluids with 
high traction properties and experiments on how 
these fluids actually behaved within the trac- 
tion contact. A basic understanding was also 
obtained on how the fluid film within the con- 
tact was compressed Into a thin, stiff, tena- 
cious sol Id-1 Ike film across which considerable 
torque transfer could safelv occur. By the end 
of the 1960s, high-quality bearing steels and 
traction fluids were commercially available. 

The power capacity of traction drives using the 
new steels and fluids virtually tripled. In 
the 1970s Improved traction models and fatlgue- 
llfe prediction methods were developed. This 
all led to the developme n t of a new generation 
of traction drives — drives with a bright 
potential role to play In the power trans- 
mission Industry, 

In 1980 the Power Transmission and Bearing 
Committee of A SMC took a major step In re- 
cognizing the potential viability of traction 
drives by establishing a subcomlttee to follow 
the developments In the technology for these 
transmissions. A primary function of this sub- 
committee is to assist In the dissemination of 
technology related to traction drives and to 
foster their potential use In Industry. 
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In conclusion, field experience has been 
gathered by industrial traction-drive manu- 
facturers, some of whom have be^n maklnq trac- 
tion drives for more than 40 years. However, 
traction-drive technology is relatively younq. 
The latest generation of traction drives has 
reached a high level of technical readiness. 

As these drives find their way Into Industrial 
service and as work continues In the labora- 
tories, further Improvements and Increased 
usage of these drives can be expected, 
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Table I. - Limited Chronology of Traction Drive Developments 


Date 


1870 

1877 

1906 

1921 

1923 

1926 

1926 

193S 

1939 

1947 

1949 

19S1 

1955 

1955 

1957 

1962 

1965 

1966 
1976 
1978 
1960 


Wooden friction drives used on wood-working machinery 
Hunt toroidal friction drive patented 
Friction drive equipped Cartercar Introduced 
Automatic contact loading mechanism patented by Erban In Germany 
Oil lubricated, Arter Industrial drive marketed In Switzerland 
Carter analyses creep between locomotive wheel and rail 
1933 General Motors Research Labs, road tests torlc traction transmission 

Austin Motor Company offers Hayes Self-Selector toroidal transmission on Austin Sixteen 
END lubrication theory advanced by Ertel and, later, Grubln 
Lundbero and Pa 1 m 9 rtn develop fatigue theory for rolling elements 
Kopp Ball Variator comerclally Introduced In Switzerland 
Clark, et al., theorize oil solidifies In EHO contact 
1962 Braunschweig University experiments on traction contact phenomena In Germany 
Vacuum-melted bearing steels Introduced 
Lane's experiments to Identify blah traction oils In England 
1966 Hewko 1 * Investigations Into traction contact performance 
Nasvytis devises fixed-ratio, multiroller planetary drive 
Monsanto and Sun Oil Introduce commercial traction fluids 

Coy, et al., apply Lundberg-Palmgren fatigue life theory to traction drive contacts 
Johnson and Tevaarwerk traction model applied to the design of traction drives 
ASME establishes traction drive committee 
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Figure 6. - Power transfer through *, ictlon. 
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and relative torque capacity at constant 
life versus relative size Iref. 231 . 
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EFFECT OF TRACTION COEFFICIENT ON 
TRACTION DRIVE LIFE, DIAMETER 
AND TORQUE CAPACITY 



Figure 9. - Relative life, diameter, and torque 
capacity versus applied traction coefficient (ref. 23). 
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Figure 10. - Traction characteristics of a traction fluid compared with 
mineral oils (ref. ?9), 
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TRACTION AND 

TRACTION MISALIGNMENT 




Figure 11. - Effect of misalinement and spin on contact traction force vectors. 
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Figure 12'. - Comparison of Johnson and Tevaarwerk analysis (ref. 48) with 
Gaggermeir test data (ref. 29). 
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Figure 13. - Geometry of the Nasvytis traction (Nasvytraci test drive Figure 14. - 500 HP hybrid helicopter transmission, 

(ref. 401. 





